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1. INTRODUCTION 
Chloramphcnicol acctyltransfcraxe (CAT; EC 
2.3.1.28) is a homotrimer which catalyses the acccyl- 
Co&dependent O-acetylation and inactivation of 
chloramphcnicol, a modification which confers 
resistance to the antibiotic on host cells [l]. From the 
three-dimensional X-ray crystal structure of the type III 
variant of CAT (CATIII), it is known that N3 of the im- 
idazolc ring of H 195 is suitably placed to act as the pro- 
posed base catalyst in the reaction [2,3]. Study of the 
histidinc C2-‘H rcsonanccs in CAT is complicated by its 
overall molecular mass incorporation in combination 
with single and multiple quantum coherence ex- 
periments has been particularly valuable in the 
simplification of ‘H spectra of smaller proteins by 
[4-T]. We sow here that these methods permit detection 
of histidine C2-‘H resonances even in proteins as large 
as CAT. 
2. EXPERIMENTAL 
[ri,fg2-“C’JL-Mistidine at 92% “C was obtained from Fluorochem 
(Old Glossop, Derbyshire, UK) and a 62% “C from Drs R. Gigg and 
J. Feeney (NIMR, Mill Hill, London). An E, coli histidine auxotroph 
(strainJMl100 from Dr R.A. Cooper [S]) was used to selectively in- 
corporate labclled histidine into CAT. Transformation with the 
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in 6. coii 191, wzu eonduclcd us/& i\ CpCl~ ~ro&iure [LO). Optimai 
growth conditions for production of CATIII were round to be in n 
medium containing (in g/l), Nn#PQ.t 6.8, KHzP& 3.0, NaCI 0.5, 
NH& 1.0, MyS& lI.49, thymine 0. I, glycerol 4.0, I.-arpininc, 0,28, 
I--uspnraric acid 0.74, L-cystcineO.20, L.glycirrr 0.20, L-glurnmicacid 
2.8, L-isolcucinc 0S54, L-l~ucine 0.70, L-lyxine 0.74, L-mcthioninc 
0.20, L.~p~ieriylnlatii~ic O.LJ, L.nrolinc 0.80. L-rhrconinc 0.60. L- 
tryptophjn 0[26, L-ryrosine’0.62, L-valinc d-82, L-&nine 0.3j, L- 
Jerinc 0.20, I,-asparnginc 0,23, L&utaminc 0.20. In addition, am- 
picillin and chloramphenicol were added to IO0 &ml. [ring 2.“C]L- 
Hiatidinc was added at 40 &ml, which was sufficient to support 
groath to n final optical density af 4.5 at 600 nm. CAT production 
was highly variable; bctwccn 30 and 140 rng protein per litrc of 
culture. Growth was initiated by inoculation of 500 ml of medium in 
a 2 litre bnfflcd flask with a starter culture of IO ml and grown over- 
night at 37’C with continuous shaking. Cells were then harvested and 
CAT purified as described previously [I 11, For NMR analysis CAT 
was transferred into 50 mM N~zHPO~//VUI-I~PO~ in 99.9% D,O by 
SUC~CS~~VC concentration and dilution over an Amicon YMlO inem. 
brane. 
All NMR spectra wcrc obtained on a Brukcr AM500 spectrometer 
at 3 l3K unless stated otherwise. An ‘inverse’ probe was used to obtain 
all the spectra. Typical pulse lengths were: 90°(‘H)= 12 ps, 
90°(“C)= 10 us, 9O”(“C for low power decoupling)=70 ps. Low- 
power X-nucleus decoupling was afforded using a Bruker SW BFX-S 
linear amplifier, The pulse sequences used were chosen for their 
simplicity, thereby minimizing the loss of magnetization due to relax- 
ation during the pulse sequence, The ID heteronuclear multiple quan- 
tum pulse sequence is: 90°(‘H)-l/2J-90°(X)Ia0”(‘H)900(X)-l/2& 
acq.-, and for the 2D heteronuclear multiple quantum experiment: 
90o(‘M)-l/2J-900(X)-t,/2-1800(iH)-t~/2-9Oo(’H)-l/2J-acq., both se- 
quences having phase cycling adapted from [l2]. Solvent suppression 
in both the 1D and 2D experiments was afforded by using a low- 
power pre-irradiation pulse during the relaxation period. Either the 
CARP 1131 or the WALTZ-16 &coupling sequence was used for X- 
nucleus decoupling. Typically, for ID datasets, 500 scans were ob- 
tained; for 2D datasets, 2K x 256 data matrices were accumulated, 
with 196 scans per tI value. 
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3. RESULTS AND DISCUSSION 
Previous attempts to identify the histidine C2-‘H 
resonances directly in ehe ‘H PJMR spectrum of CATIII 
met with only very limited success [14], The results in 
Fig. 1 clearly demonstrate the utility of the labelling 
procedure snd the heteronuclear ‘3C-‘H multiple quan- 
cum coherence method (HMQC) in selecting the 
histidine C2-‘M signals. Five resonances are readily 
identified in the HMQC 13C edited spectrum (Fig. Ib), 
out of a total of seven histidines in the translated 
nucleotide sequence of CATIII [9]. The two- 
dimensional heteronuclear correlation r;pcctrum of the 
sample further separated the histidine C2-‘H signals in 
the ‘%Z dimension, allowing six resonances to be 
distinguished (Fig. 2). The signal at Fl = 137.4 ppm and 
F2 = 4.60 ppm is broad and can only be observed at very 
low contour levels, or in 1D spectra t a lower pH* (Fig. 
3). If the 2D experiment is carried out in NH4Cl under 
the same conditions as Fig. I, the signal is much 
sharper. 
Examination of the sample at a lower pH* revealed 
that three of the signals had shifted (Fig. 2b). Complete 
titration curves for a range of p-H* values from 6.0 to 
8.0 were obtained using a series of one dimensional 
spectra (Fig. 3). A series of experiments were set up to 
attempt o assign H195, the active site histidine, to one 
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of these. Addition of a small excess of chloramphcnicol 
wer the concentration of CAT subunits did not alter 
the ‘H or ‘% resonances of any of the signals (Fig. 2~). 
However, addition of a five fold excess of chloram- 
phenicol did cause one resonance to change its ‘W and 
13C chemical shifts (Fig. 2d- the sharp signal at 3.87 and 
138 ppm is from chloramphenicol). Assuming a 
dissociation constant for chloramphenicol of 3.7 PM 
[14], the active site of the enzyme should be greater than 
90% saturated under both conditions. It is likely, 
therefore, that the effect of chloramphenicol at a higher 
concentration iscaused by binding to a secondary lower 
affinity site. There is some evidence to support the ex- 
istence of such a site from a crystallographic analysis of 
the binding of P-iodochloramphenicol [3]. 
Chemical modification of the “C-1abelled enzyme 
was carried out using 3-(bromoacetyl)chloramphenicol, 
which specifically alkylates H I95 at the N3 position on 
the imidazole ring [IS], Subsequent incubation of the 
enzyme under mild alkaline conditions leads to 
hydrolysis of the oxy-ester and removal of the chloram- 
phenicol moiety, to yield the N3 (H195) carbox- 
ymethylated erivative of CAT. Examination of the 
spectra of the modified enzyme at Iow and high pH* 
revealed that there were no significant changes in the ‘H 
and 13C chemical shifts, although the two broad signals 
at 4.55 and 4.35 ppm were much better esolved (Fig. 2e 
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Fig, 2, 2D HMQC spectra of [ring 2-‘Vjhistidine-labelled CAT (25 mg/ml) in 50 mM Na2HPO4/NaHzPOs recorded at 500 MHZ and 313 IL (a) 
pW = 7.50; (b) PI-I* =6,24; (c) plus 1.3 mM chloramphenicol (pi-I* = 7.50); (d) plus 5.0 mM chloramphenicol (pH* = 7.50); (e) WI (H195) carbox- 
ymethylated derivative (pH* = 7.49); (f) N3 (H195) carboxymethylated erivative (pH * = 6.46). Dioxane was used as a reference in both Fl (67.4 
ppm) and F2 (0 ppm). 
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Fig, 3, pH* titration of the histidine C2 protons in CAT taken from 
successive I D HMQC spectra under the same conditions as Fig, 2. 
Precipitation precluded analysis below pH = 6.0. The signals at 4.55 
ppm and 4,35 ppm were not detectable at low pH*. 
and f). The titration behaviour was identical with that 
of the unmodified enzyme. These results indicate that 
the C2-tH resonance of H195 is not among those 
observed, presumably because it is too broad to be 
detected. This could arise from exchange broadening, 
perhaps due to slow exchange between protonated and 
unprotonated imidazole [16]. Exchange of the C2JH 
with solvent was ruled out as a possible cause; the ID 
HMQC ,~pe~:tra were idenlical in I~l~O anti D=O. 
Nonetheless, it is clear lhal six of the hi~tidine C2.1H 
resonances in CAT can be clearly identified. Specific 
isotope labellintt a~d multiple quantum coherence 
techniqu¢~ can therefore be u~ed to identif.~,~ individual 
tH NMR signals in ~1 protein of overall molecular mass 
75 000. 
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